The aim of the present study is to investigate the stability of crack propagation in cementitious materials. Tests were conducted on bend specimens in three-point and four-point loading conditions.Three-point bend specimens showed stable crack growth for mortar, normal strength and high strength concrete specimens. Alternatively, four-point bend specimens showed catastrophic failure for mortar and quasi-catastrophic failure for normal strength and high strength concrete specimens. Results will be discussed in relation to brittleness number model and specific microstructural features including the interfacial transition zone between the cement paste and the aggregate and the attendant toughening mechanisms.
INTRODUCTION
The measurement of fracture toughness and resistance-curve (or R-curve) behavior in brittle and quasi-brittle materials often requires the stable growth of a single crack through the specimen. The assurance of crack stability is of particular interest in the study of cementitious materials, such as cement paste, mortar and concrete, where process zone shielding has been documented to give rise to R-curve behavior [1] [2] [3] . Specifically, the process zone phenomena in these materials include crack bridging by unhydrated cement grains in cement paste [4] , crack bridging by aggregates [5] and microcracking [6] in concrete.
A number of issues influencing crack stability during fracture tests have been investigated already. For example, theoretical models have been developed to predict the stability of shrinkage cracks in concrete and reinforced concrete [7] . Geometric factors, such as notch depth in notched-beam specimens [8] and specimen size [9, 10] have been explored both experimentally and analytically. In geometrically similar specimens, large samples tend to fail catastrophically while small specimens show stable crack growth [9, 10] . Long starter notches improve the stability of crack extension in notched-beam tests [8] . One interesting well-established property is that crack extension during three-point bend tests is inherently more stable than four-point bending [11] . What is not well understood are the microstructural changes, particularly in process zone phenomena, that differ under the two loading conditions. The intent of this work is to examine, firstly, crack stability in three-and four-point bend testing of mortar, normal strength and high strength concrete, and, secondly and more importantly, the differences in the microstructural aspects of fracture which accompany the change in loading.
EXPERIMENTAL DETAILS
The materials used for this study-mortar, normal strength concrete (NSC) and high strength concrete (HSC)-were designed and mixed in the laboratory. The mix ratio (by weight) of the normal strength concrete, was cement: sand: gravel: water= 1: 2: 2: 0.6. The mix ratio of the high strength concrete, by weight, was cement: sand: gravel: water: silica fume= 1: 2: 2: 0.3: 0.3. A water reducing a.rent* (88.5 ml) was added to one batch (-0.3 ft. 3 ) of the high strength concrete mix. Silica fume was used as a mineral admixture to strengthen the interface between the aggregate particles and the matrix. The mix ratio (by weight) of the mortar, was cement: sand: water= 1: 2: 0.6. Type I portland cement, P (pea-) type gravel and ASTM # 2 sand were used. The maximum aggregate size in the mixes of normal and high strength concrete was 9.5 mm.
Single-edge notched beams were cast, with beam depth, d = 76 mm. For all the beam specimens, the length-to-depth ratio was equal to 8/3, the ratio of notch length, a 0 , to depth was 1/3, and specimen thickness was 38 mm. All the specimens were compacted by rodding and vibration. The specimens were left in the molds during the first 24 h and were removed and cured in water until the time of testing. The notches were cut with a diamond band saw and were 1.8 mm wide. Companion cylinders of 76 mm diameter and 152 mm length were cast. These cylinders were capped with a sulphur compound and cured under water with the notched specimens. The cylinders were tested in compression after 28 days of curing. Normal strength concrete cylinders failed at an average maximum compressive strength of 46.4 MPa, with a standard deviation of 5.4 percent. High strength concrete cylinders had an average compressive strength of73.2 MPa, with a standard deviation of 3.3 percent.
Bend specimens were loaded on a servo-electric mechanical testing machine:!: at a constant crosshead displacement rate of 2 µm/min. During each test, the load, crosshead displacement and crack mouth opening displacement (CMOD) were monitored at 1 Hz with a data acquisition system.** The crack opening displacement was measured using a clip gage. tt For the three-point bend tests, the outer span, 1 0 , was 188 mm whereas for the four-point bend tests, the outer span was 188 mm and the inner span, l;. was 94 mm. Four to ten specimens were tested for each loading condition (three-or four-point bend test), for each material.
A camera was attached to a traveling microscope mounted on the base of the testing machine. At the end of the test, the motion of the crosshead was arrested and crack pictures were taken. The specimen was unloaded and its surfaces were examined under an optical microscope for evidence of any side cracking or any other difference in the crack profiles on the front (surface facing the camera) and back surfaces.
3.RESULTS
Figure l(a) shows the load versus CMOD plot of a normal strength concrete specimen tested in three-point bending. Crack growth in this specimen is stable in contrast to normal strength concrete specimen tested in four-point bending (Figure l(b) ). In this experiment a sudden load drop occurs in the softening branch of the load-CMOD curve and the crack opens by a few hundred microns followed by a stable crack growth with a slowly decreasing load carrying capacity. To explore the effect of the inner span on the stability of the test, the inner span was reduced to 15 mm (the allowable minimum inner span roller distance on the fixture). The load-CMOD plot of this test is shown in Figure l Similar results are demonstrated in high strength concrete (Figure 2 ), however, in fourpoint bending the extent of instability is larger than for normal strength concrete with crack opening of nearly 500 µm prior to crack arrest. In mortar, crack arrest never occurs in four-point bending, as seen in Figure 3(b) . In contrast, three-point bending results in stable crack extension in mortar (Figure 3(a) ). are illustrated in area D. Furthermore, these cementitious materials have a "damage zone" of the discontinuous cracks at the end of the main crack. Area E shows the "damage zone" observed in the specimen. Similar toughening mechanisms are active in the specimens tested in three-point bending.
Optical micro graphs were taken of the crack profiles on the front and back surfaces of the tested specimens. As shown in the Figure 5(a) , on the back surface of the normal strength concrete specimen tested in the four-point bending, a crack parallel to the main crack is seen at a distance of 4-5 mm from the main crack and extends over a length of approximately 20 mm. This second crack is not seen on the front surface so it does not extend through the whole thickness of the specimen. A similar big mass of the concrete between the two cracks was seen in the fourpoint bend specimen tested with reduced distance (15 mm) between the upper rollers (Figure 
5(b)
). No such parallel cracks were seen on either surface of the specimens tested in three-point bending. At higher magnification, several disconnected cracks were found in the specimens loaded in four-point bending. No such cracks were seen in three-point bend specimens at the same magnification.
Analysis of the pictures taken prior to unloading high strength concrete show similar microfracture processes as seen in the normal strength concrete specimens. The four-point bend specimen shows a highly tortuous crack. Secondary cracking is seen along with the main crack.
DISCUSSION
To explain the fracture behavior (stable or unstable) of the concrete specimens of different sizes and shapes, many researchers defined various brittleness numbers. Bazant and Pfeiffer [9] defined a brittleness number, f3 as:
where Bis a constant which gives the plastic load capacity of the specimen calculated from/ 1 ,
) is a nondimensional energy release rate equal to {k( a 0 );2and k( a 0 ) can be obtained from the fracture mechanics handbooks [12] ; a 0 is the relative notch length, Gfis the fracture energy, Ee is the elastic modulus,f 1 is a strength parameter usually taken as direct tensile strength and d is cross-section dimension of the specimen. The brittleness number, /3, serves as an indicator of the type of fracture behavior. A specimen with a high brittleness number fails suddenly, with audible noise, and crack growth is unstable. A lower brittleness number is indicative of a material which demonstrates stable crack growth. We use the brittleness number to compare the observed fracture behavior of three-and four-point bend specimens of the same type of concrete. The ratio of two brittleness numbers for these different geometries can be calculated as: (2) where the ratios of fracture energy of concrete in two different loading conditions can be calculated from experimental load-CM OD plots shown earlier and the ratio of k( a 0 ) values is a geometry and load dependent quantity. Table l I is ts the results of the ratio of two brittleness numbers.
If the material behaves more brittle in four-point bending than the three-point bending, its brittleness number will be higher and the ratio of the two brittleness numbers will be lower than 1.
Our calculated values suggest that for mortar specimens the four-point bend test is significantly less stable with respect to the three-point bend test. This is in agreement with our observation of catastrophic failure of mortar four-point bend test and stable crack growth in the three-point bend test. For normal and high strength concrete specimens the four-point bend test is less stable than the three-point bend test and stability of the four-point bend test improves if the upper roller distance is decreased. These analytical results are in good agreement with our experimental observations and similar to observations by Asghari and Barr [11] . In the four-point bend geometry, a larger volume of the specimen is under uniform tensile stress compared to the three-point bend geometry ( Figure 6 ). Microstructurally, this is manifested in greater damage or observed secondary cracking in the four-point bend specimens, and consequently toughening, as denoted by (Grl3pt/(Gr)4pt in Table 1 . The increase in toughness, however, does not translate into a relative decrease in brittleness with respect to three-point bending. Instead, we examine the energetics of the fracture process. Since the stored elastic energy in the four-point bend specimen is greater than in the three-point bend specimen, the elastic energy released during fracture of the four-point bend specimen is higher. If this released elastic energy is greater than that required to grow the crack and produce the attendant damage through the specimen, the crack will grow in an unstable manner and the specimen will fail catastrophically as observed in the case of the mortar specimens. If material absorbs the released energy by debonding the particles at the aggregate/matrix interface (NSC) or by fracturing the particles (HSC), the crack could grow unstably but later be arrested due to the presence of inclusions. When the upper roller distance in the four-point bend test is reduced, crack stability improves, by limiting the size of the damage zone (and smaller magnitude of the stored elastic energy), as seen in Figure l(c) for normal strength concrete specimen.
S.SUMMARY

I.
The three-point bend specimens of the size studied here are found to exhibit stable crack growth in all three materials-mortar, normal strength concrete and high strength concrete.
2.
The four-point bend specimens exhibit unstable crack growth. For mortar four-point bend specimens, fracture is catastrophic, whereas for normal and high strength concrete specimens fracture is quasi-catastrophic.
3.
Reducing the distance between the upper rollers improves the stability of the fourpoint bend test.
4.
Experimental observations of the load-CMOD relation agree very well with the results predicted by the brittleness number concept.
5.
In four-point bend specimens a wider zone is subjected to high tensile stress, which causes more cracking in the specimen and makes crack growth unstable. 
